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EFFECTS  OF  MODERATELY  HIGH  STRAIN  RATES  ON  THE 
TENSILE  PROPERTIES  OF  METALS 


D.  P.  Moon  and  j.  E.  Campbell* 


INTRC^UCTiCTJ 


Since  the  release  of  DMIC  Memorandum  4  on  "Effects  of  High  Strain 
Rates  and  Rapid  Heating  on  the  Tensile  Properties  cf  Titanium  AllC/S",  a 
number  of  inquiries  have  been  received  by  DMIC  oh  the  effects  of  high  strain 
rates  oh  other  metals  and  alloys.  Because  of  the  general  interest,  this 
memorandum  has  been  prepared  to  show  typical  cf.'ects  of  increasing  the 
strain  rate  to  nearly  100  inches  per  inch  per  minute  at  room  and  "levated 
temperatures  on  the  tensile  properties  of  a  number  of  commercial  alloys. 

More  complete  information  on  specific  effects  of  moderately  high  strain 
rates  on  these  and  other  alloys  can  be  obtaihed  by  referring  to  reports 
listed  in  the  Bibliography. 

Many  investigators  have  reported  on  plastic  wave  phenomena  durihg 
exceedingly  rapid  straihihg.  The  loading  rates  retired  to  produce  these 
phenomena  fall  into  the  range  of  impact  tests  and  are  beyond  the  attempted 
scope  of  this  memorandum.  The  works  of  D.  S.  Clark**( 12-16,20-22)  and 
others  are  suggested  as  sources  of  information  oh  tensile  impact  properties. 

The  discussion  and  data  presented  in  this  memorandum  also  supple^i 
ment  DMIC  Report  130  oh  "Selected  Short-Time  Tehsile  ahd  Creep  Data  Obtained 
Under  Conditions  of  Rapid  Heatihg"^ 


EFFECTS  OF  MCOERATELY  HIGH  STRAIN  RATES 
ON  TENSILE  PROPERTIES 


Increasing  the  rate  of  straining  during  tensile  testing  is 
synonymous  with  increasing  the  rate  of  load  application.  The  straihihg  rate 
ahd  loading  rate  are  prcpcrtional  up  to  the  elastic  limit  of  the  test 
material.  In  actual  service,  it  is  the  rapid  application  of  loads  that 
causes  rapid  straining.  The  primary  feasoh  for  referring  to  constant  straih 
rates  is  that,  with  screw-driven  testing  machines,  relatively  constant  strain 
rates  are  readily  obtaihed  with  a  constant-speed  drive  mechanic. 

In  order  to  show  the  effects  of  increasing  straih  rates,  typical 
tensile-test  data  are  plotted  according  to  stress  versus  strain  rate  for 
tests  at  room  temperature  and  at  elevated  temperatures.  Plots  of  typical 
data  for  a  number  of  commercial  alloys  discussed  in  later  sections  of  this 
memorandum  illustrate  the  following  general  trends  resulting  from  increasing 
the  strain  rate* 


•Metals  Evaluation  Division,  Battelle  Memorial  Institute. 
*<^umbers  in  parentheses  refer  to  references  in  the  Bibliography. 
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(1)  When  testing  at  room  temperature,  the  yield  arid 
ultimate  tensile  strengths  of  a  given  alloy  either 
are  not  affected  or  are  incieased  slightly  as  the 
strain  rate  is  increased. 

(2)  When  testing  at  slightly  elevated  temperatures, 

the  effect  of  increasing  the  strain  rate  is  generally 
similar  to  that  at  room  temperature,  if  the  alloy  has 
neglegible  tendency  to  creep  at  stresses  lower  than 
the  yield  strength  arid  remains  in  a  stable  condition. 
However,  the  yield  and  ultimate  strengths  are  usually 
lower,  dependent  on  the  temperature.  Under  these 
conditions,  the  length  of  time  at  which  the  specimen 
is  maintained  at  the  testing  temperature  before  it 
is  loaded  has  little  effect  on  its  strength. 

(3)  When  testing  at  high  temperatures,  increasing  the 
strain  rate  causes  substantial  increases  in  the  yield 
and  ultimate  strengths,  if  the  alloy  tends  to  creep 
at  stresses  lower  than  the  yield  strength.  As  the 
testing  temperature  is  increased,  the  yield  and 
ultimate  strengths  of  a  given  alloy  tend  to  coincide. 

(4)  The  elastic  modulus  of  3  given  alloy  at  a  given 
testing  temperature  is  relatively  constant  regardless 
of  strain  rate. 


(5)  Effects  of  strain  rate  on  ductility  are  riot  consistent. 

(6)  Reactions  which  change  the  structure  of  the  alloy 
will  affect  the  properties  of  the  alloy  when  it  is 
heated  to  a  temperature  at  which  the  reaction  can 
proceed.  These  reactions  may  be  precipitation 
hardening,  strain  aging,  overaging,  tempering,  re- 
crystallizatibn,  arid  grain  growth,  or  other  reactions 
or  combinations  of  them. 

In  order  to  determine  how  these  factors  affect  the  properties  of 
current  engineering  alloys,  a  riumber  of  testing  programs  have  been  initiated. 
Results  of  some  of  these  programs  are  shown  in  the  following  sections.  Most 
of  this  work  has  been  done  on  sheet  specimens  with  test  sections  l/2  inch 
wide  and  2  iriches  lorig. 

For  the  data  presented  in  the  tables,  the  specimens  that  were 
heated  to  temperature  in  10  or  20  seconds  were  heated  by  self-resistarice, 
that  is,  by  passirig  a  controlled  electric  current  through  the  specimeri  being 
tested.  In  most  instances  where  data  for  several  holding  times  were  avail¬ 
able,  only  data  for  the  shortest  holding  time  {l6  seconds)  are  reported  for 
the  rapidly  heated  specimens.  The  specimens  that  were  heated  to  temperature 
over  a  period  of  15  or  30  minutes  were  heated  by  radiation.  All  strain 
rates  were  converted  to  in. /in. /min  for  uniformity  in  presentation. 
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Aluminum  Alloys 


Results  of  tensile  tests  on  three  sheet  aluminum  alloys  at  strain 
rates  of  about  0.003  in./in./min.  to  60  in./in./min.  and  from  room  temperature 
to  600  r  are  shown  in  Figures  1  to  3.  It  will  be  noted  that  the  yield  and 
ultimate  strengths  at  room  temperature  for  the  2014-T6  alloy  in  Figure  ’  were 
only  slightly  affected  by  wide  variations  in  strain  rate.  For  tests  made  at 
the  standard  rate  of  0.003  in./in./min,  increasing  the  testing  temperature  to 
F  resulted  in  decreasing  yield  and  ultimate  strengths  to  about  12,000  psi. 
•Vhen  tested  at  a  strain  rate  of  about  60  in./in./min,  however,  the  yield 
strength  was  30,000  psi  at  600  F.  Thus  a  substantial  gain  in  strength  was 
obtained  at  600  F  under  conditions  of  rapid  straining.  The  curves  in  Fi^ire 
1  also  :he  tendency  for  the  yield  and  ultimate  strengths  to  occur  ••’t 

nearly  the  same  stress  levels  under  conditions  representative  of  relatively 
hign-temperature  behavior  for  the  alloy. 

the  tensile  data  for  2C24-T3  aluminum  alloy  in  Figure  2  show  the 
effect  of  precipitation  hardening  at  450  F  during  testing.  The  yield  strength 
at  450  F  was  higher  at  a  strain  rate  of  0.003  in./in./min  than  it  was  at  the 
higher  strain  rates.  At  the  low  strain  rate,  there  was  sufficient  time  during 
testing  for  precipitation  hardening  to  occur  before  the  yield  strength  was 
reached.  Because  of  the  shorter  time  required  for  testing  at  the  higher  strain 
rates,  t.ie  pfecipitation-hardehihg  effect  oh  the  yield  strength  was  less 
prominent.  At  600  F  the  specimens  had  overaged;  however,  in  these  specimens, 
considerably  higher  strengths  were  obtained  at  the  higher  strain  rates. 

the  effect  of  increased  str-  In  rates  for  TOTS-^Th  sheet  aluminum 
alloy  is  shown  in  Figure  3.  The  same  trends  are  noted  for  this  alloy  as  for 
2614-T6  (Figure  l). 


Beryllium 


Because  of  its  excellent  heat-sin;  characteristics,  its  relatively 
light  weight,  and  its  high  modulus,  beryllium  has  been  considered  for  c;,-iL-iin 
applications  which  must  withstand  aerodynamic  heating.  Such  components  are 
often  subjected  to  rapid  straining  and  rapid  heating.  Preliminary  data  as 
reported  by  Preston  and  Kattus(5‘7j  on  the  effect  of  rapid  straining  of  beryllium 
bar  at  room  and  elevate  temperatures  are  presented  in  Figure  4. 


The  room-temperature  tensile  strength  at  the  fastest  strain  rate 
(20  in./in./min)  is  relatively  low,  probably  because  of  the  brittleness  of  the 
material.  At  this  strain  rate,  the  room-temperature  strength  is  about  the 
same  as  the  strength  at  1500  F.  At  1000  and  1500  F  the  specimens  had  4.5  and 
3.0  per  cent  elongation,  respectively,  at  the  highest  strain  fate.  The  proper¬ 
ties  of  beryllium  appear  to  be  more  attractive  at  elevated  temperatures  than  at 
room  temperature. 
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FIC3URE  2.  ALCLAD  2024-T3  ALUMINUM  ALLOY  SHEET, 

TRANS\^RSE  SPECIMENS,  ''.C64-INCH  THICK 


T  T  e  L  L  e 


M  E  M  O  R  (  A  I. 


INSTITUTE 


Stress,  1000  psi 


FIGURE  3.  ALCLAD  7075-T6  ALLWINUM  ALLOY  SHEET, 

TRANSVERSE  SPECIMENS,  0.064-lNCH  THICK 
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FIGURE  4.  UNALLOYED  BERYLLIUM  BAR  TESTED  IN  ARGC»1 
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Low  Aliov  Steel 


Results  of  tensile  tests  over  a  wide  range  of  strain  rates  are 
shown  for  normalized  AISI  4130  steel  sheet  in  Figure  5  and  for  quenched- 
and-tempered  4130  steel  sheet  in  Figure  6.  The  general  trends  for  effects 
of  increasing  the  strain  rate  at  room  and  elevated  temperatures,  as  discussed 
previously,  are  valid  for  this  and  similar  steels. 

However,  when  the  testing  temperature  exceeds  the  tempering  temper- 
atur",  the  strength  will  be  decreased  as  a  result  of  the  tempering  effect. 

T--  £  reaction  is  dependent  both  on  temperature  and  on  time,  but  for  this 
steel,  varying  the  holding  times  from  10  to  1,800  seconds  had  little  effect 
on  the  strengths  at  each  of  the  strain  rates.  Therefore,  the  tempering 
effect  ir--:'  •  •'•ur  within  the  shortest  holding  time  (lO  seconds).  Further-more, 

for  the  4. JO  steel,  the  increase  in  strength  with  increased  strain  rates  at 
1200  F  is  primarily  an  effect  of  the  strain  rate,  per  se.  When  cue  tempering 
effect  occurs  at  a  slower  rate  than  in  the  4130  steel,  rapid  heating  and 
straining  could  occur  before  the  material  becomes  stabilized  (when  the  maximum 
temperature  is  above  the  tempering  temperature).  In  this  case,  higher  strengths 
would  be  obtained. 


Hot-Work  Die  Steels 


Because  of  the  high  strengths  that  can  be  achieved,  hot  work  die 
steels  are  being  considered  for  a  number  of  highly  stressed  airborne  com¬ 
ponents.  These  steels  also  retain  considerable  strength  at  elevated  temper¬ 
atures.  The  data  plotted  in  Figures  7  and  8  are  for  two  of  the  hot-work  die 
steels  tempered  at  950  F.  It  will  be  noted  that  yield  strengths  of  about 
150,000  psi  were  obtained  at  1200  F  at  strain  rates  of  about  30  in. /in. /min 
with  holding  times  of  10  seconds.  Holding  times  of  30  minutes  at  1200  F 
resulted  in  considerably  lower  strengths  than  with  the  short  holding  times. 
App^.-ntly,  the  tempering  reaction  for  these  steels  requires  considerable 
time  at  1200  F.  Therefore,  if  service  temperatures  exceed  the  tempering 
temperature  but  are  attained  rapidly  and  if  the  component  is  loaded  rapidly, 
it  will  withstand  considerably  higher  stresses  for  a  short  period  of  time 
than  would  be  possible  with  longer  heating  times. 


Austenitic  and  Heat-Treatable  Stainless  Steels 


Results  of  tensile  tests  over  a  wide  range  of  strain  rates  for 
representative  stainless  steels  are  shown  in  Figures  9  to  13.  The  plotted 
data  in  Figure  9  show  that  annealed  Type  301  stainless  steel  is  not'  strain- 
rate  sensitive  until  a  testing  temperature  of  about  IStO  F  is  reached.  At 
this  temperature,  the  ultimate  strength  is  increased  as  the  strain  rate  is 
increased,  although  the  yield  strength  is  not  affected  by  tne  strain  rate. 

The  curves  in  Figure  10  are  for  full-hard  Type  301  stainless  steel. 
Data  for  tne  full-hard  alloy  were  not  obtained  at  the  same  temperatures  as 
for  the  annealed  alloy,  but  a  comparison  of  the  data  in  Figures  9  and  10  will 
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FIGURE  5.  NORMALIZED  AISI  4130  ALLOY  STEEL  SHEET, 
LaiGITUDINAL  SPECIMENS,  0.040-INCH  THICK 
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Reference:  Kottus,et  al.(36} 
Heating  time^  10  ^ 
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FIGURE  7.  HEAT-TREATED  THERMOLD  J  DIE  STEEL  SHEET, 
LWJGITUDINAL  SPECIMENS,  0.050-IK01  THICK 
(Austenitized  1850  F  15  min,  oil  quenched, 
double  tempered  950  F  2  hr) 
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HEAT-TREATED  PHSRL£33-i:(>  DIE  STEEL  SHEET, 
LO^iGirJDiKAL  3PECI.MEKS,  0.050-IfCH  THICK 
(Austenitized  195C  F  15  rein,  oil  quenched, 
double  tempered  950  F  2  hr) 
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FIGUSE  10.  FULL-KARD  TYPS  301  STAINLH3S  STEEL  SHEET, 
L0KG17UDIKAL  SPECIMENS,  0.040-INCH  THICK 
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show  the  marked  increase  in  strength  to  1200  F  resulting  from  cold  working. 
Strengths  of  the  full-hard  alloy  tended  to  increase  as  the  strain  rate  in¬ 
creased.  At  1200  F,  the  strengths  were  about  the  same  for  specimens  tested 
at  the  slowest  strain  rate  after  holding  at  temperature  for  10  seconds  and 
30  minutes.  Tests  at  the  fastest  strain  rate,  however,  resulted  in  Ibwef 
strengths  for  the  specimens  held  30  minutes  at  temperature.  Apparently  this 
is  characteristic  of  the  material.  On  heating  to  1600  F,  recrystallization 
and  grain  growth  occur,  causing  considerably  lower  strengths.  This  reaction 
apparently  occurs  during  heating  and  within  the  10-second  holding  tiiu.-*,  be¬ 
cause  corresponding  specimens  that  were  held  at  temperature  for  30  minutes 
■'.ad  about  the  same  strengths. 

The  data  plotted  in  Figure  11  show  the  effect  of  increasing  strain 
rates  on  the  strength  of  annealed  and  dull  rolled  Type  321  stainless  steel 
she:‘  ithin  the  range  of  temperatures  employed,  tests  at  room  temperature 
5how{d  the  greatest  increase  in  strength  with  increasing  strain  rates. 

Because  of  the  thermal  stability  of  this  alloy,  longer  holdir.g  times  at  the 
elevated  temperatures  hiau  no  effect  on  the  tensile  properties. 

Effects  of  increasing  the  strain  rate  when  testing  specimens  of 
17-7  PH  stainless  steel  in  the  TH1050  condition  are  shown  in  Figure  12. 

Increase  in  strength  with  increase  in  the  strain  rate  was  noted  for  all 
temperatures  except  400  F.  The  marked  reduction  in  strength  from  the  800 
to  the  1200  F  testing  temperature  is  the  result  of  the  overtempering  of 
these  specimens  at  1200  F. 

Data  for  tensile  tests  on  AM-350  stainless  steel  sheet  are  plotted 
in  Figure  13  for  three  strain  rates.  With  increased  strain  rates  there  was 
an  increase  in  the  room-temperature  strength,  a  decrease  in  the  800  F  strength, 
and  an  increase  in  the  1200  F  strength.  This  steel  was  overaged  at  the  1200  F 
testing  temperature. 


Superallovs 


The  effects  of  increased  strain  rates  on  the  yield  strength  of 
N— 155  alloy  sheet  are  shown  in  Figure  14.  The  effects  of  increased  strain 
rates  from  room  temperature  to  1600  F  are  only  nominal.  At  iSOO  and  2000  F, 
th  yield  strengths  tend  to  increase  with  increased  strain  rates.  These 
specimens  were  held  at  temperature  for  15  minutes  before  testing. 

Values  for  tensile  strength  at  increased  strain  rates  for  Uni temp 
1753  bar  in  the  solution-treated  condition  are  shown  in  Figure  15.  The 
marked  decrease  in  strength  at  testing  temperatures  above  1450  F  is  noted  in 
the  figure.  However,  at  testing  temperatures  of  1450,  1600,  and  1750  F,  the 
strengths  were  substantially  increased  by  increasing  the  strain  rate.  At 
temperatures  near  the  solution-treating  temperatuze,  increasing  the  strain 
rate  had  less  effect  on  the  strength.  These  specimens  were  heated  to  temper¬ 
ature  over  a  30— minute  period  and  held  jt  temperature  Tor  30  minutes  oefore 
testing. 
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FIGURE  14.  N-155  ALLOY  SHEET  MILL  ANNEALED,  LaiGITUDINAL 

SPECIMENS,  0.063-INCH  THICK 
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FIGURE  15.  UNITEMP  1753  BAR  SOLUTION  TREATED 
(2150  F  4  hr,  air  coded) 
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Increasing  the  strain  rate  had  little  effect  on  the  tensile 
properties  of  age  hardened  Inconel  X  sheet  to  1200  F  as  shown  in  Figure  16. 
The  tests  made  at  400  F  showed  a  slight  increase  in  strength  with  increased 
strain  rates.  However,  this  alloy  is  relatively  stable  to  1200  F.  Ihe 
tensile  strength  at  1600  F  increased  substantially  with  increased  strain 
rates. 


For  Haynes  Alloy  25  sheet.  Figure  17,  the  effect  of  strain  rate 
was  most  pronounced  at  room  temperature  and  at  1600  F  and  above.  In  the 
roor-temperature  tests,  the  yield  strength  increased  and  the  ultimate 
?' rength  decreased  at  the  highest  strain  rate.  Increased  holding  times  at 
testing  temperature  had  little  effect  on  the  tensile  properties  because  of 
the  stability  of  this  alloy. 


titanium  Alloys 


The  effects  of  increasing  the  strain  rate  on  the  tensile  properties 
of  5Al-2.5Sn  titanium  alloy  in  the  annealed  condition  are  shown  in  Figure  18. 
For  this  alloy,  the  yield  and  tensile  strengths  tend  to  increase  as  the  strain 
rate  is  increased  (except  the  tensile  strength  of  the  specimens  tested  at 
400  F  at  the  highest  strain  rate).  This  is  a  stable  alpha  alloy,  and  longer 
holding  times  had  little  effect  on  the  properties. 

Tensile  properties  of  heat-treated  6A1-4V  titanium  alloy  over  a 
range  of  strain  rates  are  shown  in  Fi^re  19.  For  this  alloy,  the  strength 
tended  to  increase  as  the  strain  rate  was  increased  over  part  or  all  of  the 
strain-rate  range.  This  alloy  is  relatively  stable  to  the  aging  temperature. 

Figure  20  illustrates  the  properties  of  annealed  Ti-8Mn  (alpha-beta) 
alloy  sheet  at  increasing  strain  rates.  It  will  be  noted  that  the  tensile 
properties  were  considerably  lower  at  1000  F  than  at  600  F.  However,  at 
1000  F,  increasing  the  strain  rate  resulted  in  a  substantial  increase  in  the 
tensile  properties. 

Data  on  the  effect  of  increased  strain  rates  on  the  beta  titanium 
alloy,  Ti-13V-llCr-3Al,  were  available  for  the  alloy  in  the  annealed  condition. 
These  data  are  plotted  in  Figure  21.  At  room  temperature,  the  strengths  in¬ 
crease  as  the  strain  rate  is  increased.  At  500  and  800  F  the  trend  is  reversed. 
The  large  decrease  in  tensile  properties  at  normal  testing  speeds  when  in¬ 
creasing  the  testing  temperature  from  800  to  1200  F  is  shown  in  the  figure. 

When  the  strain  rates  are  increased  for  specimens  tested  in  the  range  from 
1200  to  1600  F,  the  tensile  properties  are  increased  substantially. 

The  marked  increase  in  strength  for  testing  temperatures  from  room 
temperature  to  1200  F  for  the  aged  alloy,  as  compared  to  the  annealed  alloy, 
is  also  shown  in  Figure  21  for  a  strain  rate  of  about  0.6  in. /in. /min.  Da\.a 
for  other  strain  rates  were  not  given.  However,  it  appears  that  there  would 
be  little  effect  of  strain  rate  on  the  strength  to  the  aging  temperature 
(900  F).  It  is  expected  that  tests  at  1200  F  would  show  increased  strengths 
with  increasing  strain  rates.  There  is  a  marked  drop  in  strength  of  the  aged 
alloy  when  increasing  the  testing  temperature  from  1200  F  to  1275  F.  At 
1500  F,  the  annealed  and  aged  alloys  have  about  the  same  strengths. 
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FIGURE  17.  ANNEALED  HAYNES  ALLOY  25  (L-605)  SHEET, 
TRANSVERSE  SPECIMENS,  0.040-INCH  THICK 


battelle  memorial  institute 


Strain  Rote,  ia/in./min  t.  39953 


FIGURE  13.  ANNEALED  Ti-5Al-2.5Sn  ALLOY  SHEET, 

LONGITUDINAL  SPECIMENS,  0.040-INCH  THICK 
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FIGURE  19.  AGE-HARDENED  Ti-6A1-4V  ALLOY  SI^EET,  LCTJGITUDINAL 
SPECIMENS,  0.640-IN6i  THICK 
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FIGURH  20.  ANNEALED  Ti-8Mn  ALLOY  SHEET,  LONGITUDINAL 
SPECIMENS,  0.040-INC-I  THICK 
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FIGURE  21.  ANNEALED  AND  AGED  13y-IlCr-3Al  TITANIUM 
ALLOY  SHEET 

(Aging  Treatment;  900  F  50  hr) 
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118  Review  of  Recent  Developments  in  the  Metallurgy  of  High-S*r 'ngth  Steeli^ 

July  21,  1961,  (AD  259986  $0.50) 

119  The  Emittance  of  Iron,  Nickel,  Cobalt  and  Tlieir  Alloys,  July  25,  1961. 

(aD  261336  $2.25) 

120  Review  of  Recent  Developments  oh  Oxidation-Resistant  Coatings  f. r  Refractory 
Metals,  July  31,  1961,  (AD  261293  $0.50) 

121  Fabricating  and  Machining  Practices  for  the  All-Beta  Titanium  Alloy,  August 
3,  1961,  (AD  262496  $0.^) 

122  Review  of  Recent  Developnents  in  the  Technology  of  Nickel-Base  and  Cobalt- 
Base  Alloys,  August  4,  1961,  (AD  261292  $0.50) 

123  Review  of  Recent  Developments  in  the  Technology  of  Beryllium,  August  18,  1961, 
(AD  262497  $0.50) 

124  Investigation  of  Delayed-Cracking  Phenomenon  in  Hydrogenated  Unalloyed 
titanium,  August  30,  1961 

125  Review  of  Recent  Developments  in  Metals  Joining,  September  1,  1961,  (AD  262905 
$0.50) 

126  A  Review  of  Recent  Developments  in  Titanium  and  Titanium  Alloy  Technology^ 
September  15,  1961 

127  Review  of  Recent  Developments  in  the  Technology  of  Tungsten,  September  ”■* 

1961 

128  Review  of  Recent  Developments  in  the  Evaluation  of  Special  Metal  Properties, 
September  27,  iJCl 

129  Review  of  Recent  Developnents  in  the  Technology  of  Molybdenum  and  Molybdenum- 
Base  Alloys,  October  6,  1961 

130  Review  of  Recent  Developments  in  t.ie  Technology  of  Columbium  and  Tantalum, 
October  10,  1961 

131  Review  of  Recent  Developments  in  the  Technology  of  High-Strength  Stainless 
Steels,  October  1961 

132  Review  of  Recent  Developments  in  the  Metallurgy  of  High-Strength  Steels, 
October  20,  1961 

133  Titanium  in  Aerospace  Applications,  October  24,  1961 

134  Machining  of  Superalloys  and  Refractory  Metals,  October  27,  1961 

135  Review  of  Recent  Developments  in  the  Technology  of  Nickel-Base  and  Cobalt- 
Base  Alloys,  October  31,  1961 

136  Fabrication  of  Tungsten  for  Solid-Propellant  Rocket  Nozzles,  Novemoer  2,  1961 

137  Review  of  Recent  Developments  on  Oxidation-Resistant  Coatings  for  Refractory 
Metals,  November  3,  1961 

133  Review  of  Recent  Developments  in  the  Technology  of  Beryllium,  November  16, 

1961 

139  Review  of  Recent  Developments  in  the  Technology  of  Tungsten,  November  24,  1961 

140  Review  of  Recent  Developments  in  Metals  Joining,  December  6,  1961 

141  The  Emittance  of  Chromium,  Columbium,  Molybdenum,  Tantalum,  and  Tungsten, 
December  10,  1961 
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